Bladder cancer is the ninth most common cancer worldwide, with three-quarters of the total burden occurring in men [1] . Cystoscopy is typically performed to achieve both diagnosis and staging via deep biopsy of suspicious lesions to additionally sample the underlying muscle layer. However, clinical staging is reported to be inaccurate in 30%e50% of cases of high grade non-muscle invasive bladder cancer [2, 3] ; thus current guidelines recommend repeat assessment for such tumours, even if muscle was present in the original specimen [4, 5] . These procedures require theatre time, general anaesthesia, and have a complication rate of 4%e6%, which is significant due to the high frequency with which they are performed [6, 7] . Over the past decade, imaging studiesdin particular magnetic resonance imaging (MRI) dhave become essential for detection, staging, and followup of bladder cancer [8] .
While computed tomography (CT) is the primary technique for detecting distant metastatic disease, advances in MRI technology have made MRI feasible for accurate local staging and identifying local recurrence, primarily due to increased soft tissue differentiation [9] . Accurate T-staging is essential in order to direct clinical management. Patients with pathology (p)T1 stage have mucosal confined, nonmuscle invasive bladder cancer, and undergo local therapy either with a transurethral resection of bladder tumour, intravesical immunotherapy (with bacille Calmette-Guerin), or chemotherapy. Stage pT2 involves the muscles layer, and so-called muscle-invasive bladder cancers are treated with cystectomy or gland-sparing radiotherapy [10] . Stage pT3 involves extravesicular extension of tumour and typically necessitates systematic therapy. Although CT and MRI are considered equivalent for assessment of !pT3b-stage tumours, MRI has shown better performance in differentiating T1-vs T2-staged tumours [11, 12] .
Having optimal bladder distention is key for the adequate assessment of bladder tumours on MRI [13] . In underdistended bladders, collapsed mucosa may mimic tumour infiltration, while thickened detrusor muscle can limit the detection of small tumours. Over-distention is uncomfortable for patients, leads to bladder wall spasm, and resultant motion artefact can significantly compromise image quality. In addition, thinning of the bladder wall may reduce sensitivity for detecting flat plaque-like lesions. Despite the importance of optimal bladder distention, there is a lack of consensus in the literature on what drinking and/or voiding preparation should be employed to achieve this. Some centres claim that optimal distention can be achieved by instructing the patient to void 2 hours before the examination [14] , while other studies suggest that voiding one hour before the scan is sufficient for a diagnostic scan [13] .
The aim of our study was to establish an evidence-based preparation routine prior to bladder MRI. The study comprised 2 elements: first, we investigated the effect of 4 different drinking/voiding preparations on bladder distention in normal volunteers. Subsequently, we undertook a questionnaire study in men undergoing pelvic MRI to assess whether similar results were reflected in patients undergoing MRI with no prior instruction.
Methods

Normal Volunteers Study
The local institutional review board and ethics committee granted approval for this prospective study (Reference: CUH 15/YH/0570), with all participants signing written informed consent. The study included 15 healthy male volunteers (mean age 35.9 years, median 34, range 29-39). MRI was performed on 4 consecutive days after the subjects completed each of the following preparations: Preparation 1. Pass urine, no drinking 2 hours prior to scanning. Preparation 2. Pass urine, no drinking 1 hour prior to scanning. Preparation 3. Pass urine and drink 250 mL water 1 hour prior to scanning. Preparation 4. Pass urine and drink 500 mL water 1 hour prior to scanning.
For each imaging study, participants were contacted at the respective time before scanning with a reminder of the voiding and/or drinking preparation required.
Questionnaire Study
This prospective questionnaire-based study was approved by the institutional review board (Reference: 16/WM/0253). The study included 94 men undergoing prostate MRI for any clinical indication (mean age 64.5 years, median 65.5, range 59-70). Data collection included information on time of last voiding, time since last drink, and approximate volume consumed. Patients with glomerular filtration rate (GFR) < 60 mL/min/1.73 m 2 were excluded from this study.
Based on their answers, patients were divided into 4 groups in order to match the NVs study as closely as possible ( Table 1) .
Magnetic Resonance Imaging
For both studies, MRI was performed on a 3-T MR750 magnet (General Electric Healthcare, Waukesha, WI) using a 32-channel phased array body coil. Sequences included highresolution axial T2-weighted fast recovery fast spin echo imaging, TR/TE of 3663/102 ms field of view (FOV) 22 Â 22 cm, 3 mm slice thickness with no gap, in-plane resolution 0.85 Â 0.57 mm, and 3 signal averages: sagittal T2 cube sequence, 1 mm slice thickness with no gap, and inplane resolution 1.0 Â 0.8 mm. Axial diffusion-weighted imaging was matched to the T2 axial sequence, using a dual spin-echo planar pulse sequence with TR/TE of 3775/ 70 ms, FOV 28 Â 28 cm, resolution 2.2 Â 2.2 mm, 6 signal averages, and b values of 150, 750, 1000, and 1400 from which automated ADC maps were generated. Clinical studies additionally incorporated small FOV diffusion-weighted imaging and dynamic contrast-enhanced MRI and were not assessed as part of this study.
Bladder Distention Assessment
Bladder volumes were calculated using whole volume segmentation on T2-weighted images using in-house software programmed in Matlab (MathWorks, Natick, MA). Overall volumes were automatically calculated from a sum of the drawn regions of interest (in mm 2 ) multiplied by the spacing between acquired slices (in mm). The results are presented as the median and interquartile range.
Bladder distention was assessed using a 5-point Likert scale: scores 1 and 2 represented severe and moderate bladder wall thickening and in-folding, respectively; 3 ¼ optimal bladder distention; 4 ¼ minor to moderate bladder wall thinning and motion; score 5 implied severe motion artefact with anterior bladder extending beyond the iliac vessels ( Figure 1 ).
All outlining and scoring was performed by a single fellowship-trained uro-radiologist with 7 years' experience reporting bladder MRI. Image series were reviewed in a random order and blinded to the clinical information of study number and drinking preparation.
Statistics
Shapiro-Wilk test was performed to assess the distribution of the bladder volumes of subjects from different BD scoring groups. Mann-Whitney U test was used to compare the bladder volumes of subjects from different BD scoring groups. Spearman's correlation was performed to assess the relationship between the preparation type and BD score. As severely under-and over-distended bladders (scores 1 and 5, respectively) have the same negative influence on MRI's diagnostic utility, we assumed that 1 ¼ 5 ¼ 1; for the same reason we assumed that 2 ¼ 4 ¼ 2. As initial results from the volunteer study suggested preparations resulted in differing volumes between early morning and evening studies, scans were therefore divided into before or after 11:00 AM for both studies. This time was chosen to represent a mid-morning cutoff and was selected a priori for analysis and independent 
Results
Normal Volunteers Study
The median bladder volumes for the bladder distention scores were: 91.9 (75.4e97.8) mm 3 , 134.2 (94.3e163.0) mm 3 , 202.4 (157.0e317.0) mm 3 , 350.6 (328.6e414.2) mm 3 , and 454.2 (415.8e539.1) mm 3 for scores 1, 2, 3, 4, and 5, respectively. There was a significant difference in the bladder volumes in NVs between all scoring groups when compared to each other (P < .05 for all) ( Figure 2 ).
Distribution of BD scores depending on scan order and corresponding preparation is summarised in Table 2 . The overall mean BD scores were: 2.2 (AE0.9), 1.7 (AE0.7), 1.6 (AE0.5), and 1.4 (AE0.5) for preparations 1, 2, 3, and 4, respectively. However, when patients were subdivided into those who underwent scanning before 11:00 AM (early morning scans) and after 11:00 AM (afternoon scans), the mean BD scores in early morning scans were: 1 (AE0), 1 (AE0), 1.8 (AE0.5), and 1.4 (AE0.5), with volumes of 175.1 (49.9e300.3) mm 3 , 75.4 (61.6e97.8) mm 3 , 90.9 (82.4e 351.3) mm 3 , and 106.5 (80.1e361.0) mm 3 , respectively. In afternoon scans, BD scores became: 2.4 (AE0.8), 1.8 (AE0.7), 1.6 (AE0.5), and 1.4 (AE0.5), with volumes of 170.6 (123.4e 333.4) mm 3 , 136.8 (109.6e245.9) mm 3 , 344.0 (170.5e 433.1) mm 3 , and 451.7 (328.6e531.5) mm 3 . Although there was no significant difference between the original and subdivided scores (P > .05 for all), it is of note that in early morning scans, the highest average BD score was observed in preparation 3 (drink 250 mL and void 1 hour prior) while in the afternoon scans it was preparation 1 (void 2 hours prior) that led to the highest average score. Overall, preparation 1 showed the strongest positive correlation with the BD score (r s ¼ 0.470; P < .001) and led to 7 out of 9 scores of 3 (all in the afternoon scans). Preparation 3, in turn, had no significant impact on BD score (r s ¼ 0.461; P ¼ .06).
Questionnaire Study
The median age of patients enrolled in this study was 65.5 (59.0e70.0) years; the median prostate volume and serum There was a significant difference in the bladder volumes in patients with scores 1-4 when compared to each other (P < .05 for all); no significant difference was found between the bladder volumes in patients with scores 4 and 5 (P ¼ .3) ( Figure 3 ). Comparison of the mean bladder volumes in different scoring groups between NVs and patients showed significant difference between all scoring groups (P < .05) except scores of 3 (P ¼ .06) ( Figure 4 ). Therefore, in order to calculate a target bladder volume which could be used for optimal assessment in both cohorts, the assumption was made that NVs and patients were of the same cohort; the median bladder volume was 173.0 (142.5e210.9) mm 3 then.
The median fluid volumes consumed by patients of the 4 groups matched to the NVs study were: 200.0 (187.5e 275.0), 250.0 (187.5e375.0), 200.0 (187.5e250.0), and 500.0 (350.0e500.0) for groups 1 (n ¼ 18), 2 (n ¼ 5), 3 (n ¼ 49), and 4 (n ¼ 22), respectively. In each of these groups, the number of morning scans was: 8, 0, 29, and 13, respectively. The overall mean BD scores were: 2.3 (AE0.7), 2.6 (AE0.6), 2.3 (AE0.6), and 2.5 (AE0.6). In early morning scans, the mean BD scores were: 2 (AE0.5), 2.3 (AE0.7), and 2.6 (AE0.5), with median bladder volumes of 95.4 (67.3e 115.8) mm 3 Table 3 ). None of the preparations both in the morning and afternoon showed significant correlation with the BD score.
Discussion
This study demonstrates the effects of 4 different drinking/voiding preparations on bladder distention scores in normal volunteers and in patients undergoing pelvic MRI. The results suggest that to achieve optimal bladder distention, different preparations are required for early morning and afternoon scans. Moreover, our findings suggest that the bladder volume of 140-210 mm 3 corresponds to an optimal distention score in both cohorts. 1  5  3  4  7  2  1  2  4  2  1  2  4  8  3  2  5  5  3  2  5  5  9  3  4  4  5  3  4  4  5  10  3  1  2  2  2  3  1  2  1 1  3  2  4  4  3  2  4  4  1 2  4  3  5  5  4  3  5  5  13  5  3  2  5  5  5  3  2  14  5  1  2  2  5  1  2  2  1 5  3  5  5  5  3  5  5 5 Score, mean (AE SD) 2.2 (AE0.9) 1.7 (AE0.7) 1.6 (AE0.5) 1.4 (AE0.5) 1 (AE0) 1 (AE0) 1.8 (AE0.5) 1.4 (AE0.5) 2.4 (AE0.8) 1.8 (AE0.7) 1.6 (AE0.5) 1.4 (AE0.5) Scores of patients whose scans were performed before 11:00 AM (early morning) are highlighted in bold. The mean bladder distention scores were calculated assuming that 1
Both in the NVs and questionnaire studies, the mean bladder volumes of subjects with different BD scores showed a significant difference between each other. We also show a significant correlation between the BD score and bladder volumes both in NVs and patients, which serves as a validation of the scoring system employed. Noticeably, in the patient group, the average bladder volumes were significantly lower compared to NVs. This may relate to the loss of functional bladder capacity that occurs with increasing age, primarily due to fibrosis of its wall [15] . Nevertheless, no difference was observed between score-3 bladders in both cohorts. This allowed us to recalculate the median bladder volume for all subjects as if they were of the same cohort. The results suggested 140-210 mm 3 to be the target bladder volume in both age groups. A recent study by Fujioka et al showed that optimal bladder volumes 
The bladder distention scores are presented as the mean (AE SD); the bladder volumes (mm 3 ) are presented as the median (interquartile range).
at treatment planning in prostate cancer patients undergoing external beam radiotherapy are between 100 and 250 mL, corroborating our results [16] . Improving radiotherapy planning could be another important application of our results, which help establish preparations that help achieve an optimal bladder volume.
In normal volunteers, preparation 1, which involved emptying the bladder 2 hours prior to scanning with no further drinking, significantly increased BD score and led to 7 out of 9 score-3 bladders. This is physiologically sound, as with normal GFR is > 60 mL/min/1.73 m 2 , the target bladder volume of 140-210 mm 3 can be achieved with this preparation by the time of scanning. However, voiding 2 hours prior to scanning led to score-3s only in scans performed after 11:00 AM, while voiding and drinking 250 mL water 1 hour prior to scanning resulted in higher average BD score in earlier scans. This trend lacked statistical significance, possibly relating to the small number of scans; however, the findings would be physiologically consistent. In part, the rationale may be based on differences in hydration status at these times, and in addition, the known impact of different preparations on diuresis rate. In early morning, the diuresis rate remains under the influence of the renal nocturnal antidiuretic activity, which is lower than in the afternoon [17] . In order to facilitate a physiological increase of diuresis rate, extra fluid would be necessary to fill the bladder to an optimal distention state.
The questionnaire study results did not show any significant impact of preparations on the BD scores; the mean BD scores were almost similar in all preparations. This discrepancy is more likely due to the lack of a controlled preparation may be affected by recall bias and hinder the process of accurately matching patient preparations to those of NVs. As patients were asked to mention only the details of their last drink, we could not assess the volume and frequency of anything drunk leading up to this time point; furthermore, caffeine intake was not controlled for and both these factors may have additionally influenced bladder filling. Conversely, early morning drinking preparation may not be as effective in an older population, as nocturnal antidiuretic hormone secretion decreases with age [18] ; in this case, early morning and nocturnal diuresis may show only subtle differences from each other. These findings warrant further investigation for clarification.
There were several limitations to our study. The study included only males; this was justified by the fact that 75% of patients suffering from bladder cancer are men [1] . The NVs study population was a small cohort of healthy volunteers who were of a younger age than typical patients with bladder cancer. However, the median age of patients enrolled in the questionnaire study was similar to that of patients with bladder cancer who undergo MR imaging [19] . In the clinical study, all subjects had normal GFR, which allowed us to ensure that bladder filling had not been impaired by poor renal function. However, these results cannot necessarily be applied to patients with impaired kidney function; larger studies are warranted to clarify the need for introducing different preparations for such patients and define specific GFR cutoffs. As mentioned, for the questionnaire study, patient preparation prior to scanning was uncontrolled, so the process of matching them to those of the NVs study could have been compromised by recall bias. Larger studies in both male and female patients of different age groups, ideally incorporating patients with bladder cancer, would serve to overcome these limitations and would also help prove whether the proposed preparations improve the diagnostic ability of bladder MRI.
In conclusion, we have shown that the bladder volume required for optimal assessment is 140-210 mm 3 . Evidence has been provided that passing urine 2 hours prior to bladder MRI with no further drinking is the best overall preparation which helps to achieve the highest BD score. However, early morning scans may require a drinking preparation in addition to voiding; this is the subject for further investigation in prospective patient cohorts.
